INTRODUCTION
============

The mitochondrial respiratory chain (MRC) consists of four multimeric protein complexes (complexes I--IV) that generate an electrochemical proton gradient across the mitochondrial inner membrane driving ATP synthesis via ATP synthase (complex V). MRC complexes are embedded within the inner mitochondrial membrane, where they interact in different stoichiometries and assemble into supramolecular structures known as supercomplexes ([@B39]; [@B18]). Supercomplex formation increases the efficiency of electron transfer by spatial restriction of electron carrier diffusion ([@B1]). Disruption in the function or formation of MRC complexes or supercomplexes perturbs mitochondrial bioenergetics, manifesting clinically in a wide range of metabolic disorders ([@B28]; [@B34]; [@B44]). Thus manipulating the function of the MRC complexes has been proposed as a possible therapeutic avenue for the treatment and prevention of these diseases ([@B47]; [@B49]).

Traditionally, the functions of MRC complexes have been studied in isolation from their native membrane environment, which often overlooks the contribution of membrane lipids ([@B20]). Phospholipids constitute a large proportion of mitochondrial membrane lipid milieu, where they specify MRC function by influencing physical properties of the membrane and by specific phospholipid:protein interactions ([@B25]; [@B37]). Mitochondrial membranes contain all of the major classes of phospholipids found in cell membranes, including phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol, phosphatidylserine (PS), and phosphatidic acid (PA), as well as cardiolipin (CL), which is predominantly, if not exclusively, found in the mitochondria ([@B25]). PC is the most abundant mitochondrial phospholipid, accounting for almost 50% of total phospholipids ([@B25]). The cylindrical shape of PC promotes bilayer formation. PE is the second-most-abundant mitochondrial phospholipid and has a cone-shape structure that imposes negative curvature stress on the membrane, increasing its tendency to form nonbilayer structures ([@B23]). Like PE, CL is the other major cone-shaped mitochondrial phospholipid with the tendency to induce negative membrane curvature to the lipid bilayer. These "non--bilayer-forming" phospholipids are proposed to facilitate membrane fusion and influence the binding and activity of membrane proteins ([@B46]). The ratio of bilayer to non--bilayer-forming phospholipids in the mitochondria is roughly equal and highly conserved, suggesting both coordinate regulation of their biosynthesis and their importance in mitochondrial function ([@B17]).

Phospholipid biosynthesis in eukaryotes is compartmentalized into various subcellular organelles, including the endoplasmic reticulum (ER), endosome, and mitochondria. Mitochondria are able to synthesize PE and CL in situ, whereas all of the other phospholipids are imported ([@B20]; [Figure 1](#F1){ref-type="fig"}). CL is synthesized from phosphatidylglycerol and cytidine diphosphate--diacylglycerol in the inner mitochondrial membrane by CL synthase, Crd1. The acyl chain composition of newly formed CL species is remodeled by the sequential action of cardiolipin-specific deacylase, Cld1, and a transacylase, Taz1, to generate mature CL. PE is synthesized by decarboxylation of PS via phosphatidylserine decarboxylase 1, Psd1, which is localized to the inner mitochondrial membrane and is the primary source of cellular PE ([@B10]). The yeast-specific enzyme Psd2 is localized to an endosomal compartment ([@B22]) and contributes to the cellular PE content to a lesser extent ([@B10]). The de novo biosynthesis of PC proceeds through three sequential methylations of PE catalyzed by phosphatidylethanolamine methyltransferases, Pem1 and Pem2. In addition to these de novo biosynthetic pathways, PE and PC can be synthesized from their precursors ethanolamine (Etn) or choline, respectively, through the nonmitochondrial Kennedy pathway ([Figure 1](#F1){ref-type="fig"}). The functional contribution of the Kennedy pathway phospholipids to mitochondrial membranes is not clear. Results from [@B10], [@B11]) are consistent with equilibrium transport of PE and PC between mitochondrial and microsomal membranes. However, subsequent studies showed that PE synthesized by the Kennedy pathway is not able to restore mitochondrial respiration ([@B13]; [@B48]), implying that either PE transport from ER to mitochondria is insufficient to functionally compensate for the lack of mitochondrial PE biosynthesis or that the nonmitochondrial PE species cannot substitute for mitochondrial PE species.

![Aminoglycerophospholipids and CL biosynthetic pathways in yeast. PE biosynthesis in yeast is accomplished by three major pathways: 1) Psd1-catalyzed decarboxylation of PS in the mitochondria, 2) Psd2-catalyzed decarboxylation of PS in endosomal compartments, and 3) incorporation of Etn via the cytosolic/ER Kennedy pathway. PC is produced by two major pathways: 1) formation of Pem1 and Pem2 PC by successive methylation of PE, and 2) incorporation of choline via the Kennedy pathway. CL biosynthesis occurs exclusively in the mitochondria, where premature cardiolipin (CLp) is synthesized from phosphatidylglycerol (PG) by Crd1. The resulting CLp is deacylated by the phospholipase Cld1 to produce monolysocardiolipin (MLCL) and reacylated by Taz1 to form mature cardiolipin (CLm). CDP, cytidine diphosphate; CTP, cytidine triphosphate; CMP, cytidine monophosphate; DAG, diacylglycerol; PA, phosphatidic acid; PI, phosphatidylinositol; PDME, phosphatidyl­dimethylethanolamine; PPi, inorganic pyrophosphate.](2161fig1){#F1}

Although the role of CL in MRC function and formation has been extensively studied ([@B27]; [@B33]), the roles of more abundant mitochondrial phospholipids, including PE and PC, are incompletely understood. Depletion of mitochondrial PE in mammalian cells was shown to result in reduced respiratory capacity, ATP production, and destabilization of complex IV--containing supercomplexes ([@B42]). In contrast, yeast cells lacking mitochondrial PE biosynthesis were shown to contain higher-order supercomplexes ([@B8]). Although these studies suggest conflicting roles of PE in MRC assembly, the role of PC in mitochondrial bioenergetics has not been investigated at all. Therefore it is not clear whether MRC defects are exclusive to alterations in nonbilayer mitochondrial phospholipids like PE and CL or simply the result of any perturbation in mitochondrial phospholipid composition.

To address these gaps in our knowledge, we used isogenic yeast mutants of PE and PC biosynthetic enzymes to systematically dissect their roles in MRC biogenesis. We show that the disruption of mitochondrial PE biosynthesis causes reduced activities of fully assembled MRC complex III and IV containing supercomplexes. Surprisingly, the most abundant mitochondrial phospholipid, PC, is not required for MRC function or formation. In contrast to the prevailing model of interorganelle phospholipid trafficking ([@B35]; [@B30]), we demonstrate that PE synthesized in the ER via the Kennedy pathway can be transported into mitochondria, where it can fully substitute for the loss of mitochondrial PE biosynthesis. Our work thus identifies specific roles of the two most abundant mitochondrial phospholipids in MRC biogenesis and provides a means for manipulating mitochondrial phospholipid composition by stimulating the nonmitochondrial Kennedy pathway.

RESULTS
=======

Deletion of Psd1 and Pem2 dramatically alters mitochondrial PE/PC ratio
-----------------------------------------------------------------------

To dissect the roles of the two most abundant mitochondrial phospholipids, PE and PC, in MRC function and formation in vivo, we focused on *psd1Δ* and *pem2Δ* cells, which lack key enzymes for PE and PC biosynthesis, respectively ([Figure 1](#F1){ref-type="fig"}). Previous studies showed that phospholipid composition and mitochondrial biogenesis is dependent upon the carbon source used in the growth medium ([@B43]). Therefore we analyzed the phospholipid composition of yeast cells grown in glucose-containing, fermentable (SC glucose) or lactate-containing, nonfermentable (SC lactate) carbon sources. Whole-cell phospholipid analysis of glucose-grown *psd1Δ* cells revealed a threefold reduction in PE with a concomitant increase in PC ([Figure 2A](#F2){ref-type="fig"}). Conversely, *pem2Δ* cells showed a 15-fold reduction in PC, with a twofold increase in PE and its precursor, phosphatidylmonomethylethanolamine (PMME), which could not be separated by the TLC used in this study ([Figure 2A](#F2){ref-type="fig"}). Similar PE and PC changes were observed when *psd1Δ* and *pem2Δ* cells were grown in a medium containing lactate ([Figure 2B](#F2){ref-type="fig"}). To analyze mitochondrial phospholipid composition, we obtained highly purified mitochondria with minimal contamination from other cellular organelles ([Figure 2C](#F2){ref-type="fig"}). Consistent with whole-cell phospholipid composition, the levels of PE decreased by approximately sixfold in *psd1Δ* mitochondria ([Figure 2D](#F2){ref-type="fig"}). The decrease in PE in *psd1Δ* mitochondria was accompanied by alterations in other phospholipids, including a significant increase in PC and PA and a decrease in CL ([Figure 2D](#F2){ref-type="fig"}). In *pem2Δ* mitochondria, PC levels decreased fivefold, whereas the PE/PMME content doubled ([Figure 2D](#F2){ref-type="fig"}). We also observed a significant accumulation of phosphatidyldimethylethanolamine in *pem2Δ* mitochondria ([Figure 2D](#F2){ref-type="fig"}). In both glucose- and lactate-containing media, the absolute phospholipid levels in whole cells and in isolated mitochondria did not change in either mutant relative to the wild-type (WT) cells ([Figure 2, E--G](#F2){ref-type="fig"}). These results suggest that in yeast cells, a homeostatic mechanism exists that buffers cells against the loss of the absolute amount of membrane phospholipids such that the depletion in PE is compensated by an increase in PC and vice versa. Therefore *psd1Δ* and *pem2Δ* cells have a significantly altered PE/PC ratio without any change in their absolute amount of membrane phospholipids. The mitochondrial PE/PC ratio in WT was 0.503, which was reduced to 0.065 in *psd1Δ* cells and increased to 6.02 in *pem2Δ* cells. Despite these dramatic deviations in the mitochondrial PE/PC ratios in *psd1Δ* and *pem2Δ* cells, the gross cellular and mitochondrial morphology was unaltered, with only a small reduction in the average length of mitochondrial cristae and outer membrane in *psd1Δ* cells (Supplemental Figure S1). There was no change in mitochondrial cristae length of *pem2Δ* cells, but we did observe a slight reduction in the average outer membrane length (Supplemental Figure S1). Collectively these results demonstrate that yeast cells can tolerate extensive alteration in mitochondrial PE/PC ratios and that a decrease in the PE level is countered by an increase in PC and vice versa.

![Cellular and mitochondrial phospholipid composition of *psd1Δ* and *pem2Δ* cells. The whole-cell phospholipid composition of WT, *psd1Δ*, and *pem2Δ* cells grown in (A) SC glucose and (B) SC lactate. Phospholipid levels are expressed as the percentage of total phospholipid phosphorus in each phospholipid class. PE^\#^ represents the sum of PE and PMME in *pem2Δ* cells. Data are expressed as mean ± SD (*n* = 3); \*\**p* \< 0.005, \**p* \< 0.05. (C) Western blot analysis of crude and sucrose-gradient purified mitochondria from WT cells. Cox2, Dpm1, Pho8, and Pgk1 are used as markers of the yeast mitochondria, ER, vacuole, and cytoplasm, respectively. (D) Phospholipid composition of sucrose gradient--purified mitochondria from WT, *psd1Δ*, and *pem2Δ* cells grown in SC lactate. Data are expressed as mean ± SD (*n* = 3); \*\**p* \< 0.005, \**p* \< 0.05. (E, F) Total phospholipid content of whole-cell homogenates of WT, *psd1Δ*, and *pem2Δ* cells grown in (E) SC glucose or (F) SC lactate. (G) Total phospholipid content of mitochondria from SC lactate--grown cells. Data are expressed as mean ± SD (*n* = 3).](2161fig2){#F2}

Decreased mitochondrial PE/PC ratio results in reduced respiration and ATP levels
---------------------------------------------------------------------------------

To dissect the specific roles of PC and PE in MRC function, we performed extensive growth characterization of *psd1Δ* and *pem2Δ* cells in different carbon sources. The growth of *psd1Δ* and *pem2Δ* cells in fermentable SC glucose medium was comparable to that for WT cells ([Figure 3A](#F3){ref-type="fig"} and Supplemental Figure S2A). Consistent with previous work ([@B7]), the growth of *psd1Δ* cells in nonfermentable SC lactate medium was severely compromised, whereas *pem2Δ* cells were able to grow, albeit at a slightly reduced rate ([Figure 3B](#F3){ref-type="fig"} and Supplemental Figure S2B). The growth defects in nonfermentable medium suggested respiratory deficiency. To directly assess respiration, we measured oxygen consumption in WT, *psd1Δ*, and *pem2Δ* cells. Consistent with the severely diminished respiratory growth, the *psd1Δ* cells had a ∼60% reduction in oxygen consumption compared with WT cells ([Figure 3, C and D](#F3){ref-type="fig"}). Oxygen consumption in *pem2Δ* cells was comparable to WT cells in SC lactate and even slightly elevated in SC glucose medium ([Figure 3, C and D](#F3){ref-type="fig"}). The reduced growth of *pem2Δ* cells could be due to defects in mitochondrial protein import machinery, as reported recently ([@B40]), and not to defects in respiration per se. In accordance with reduced respiration in *psd1Δ* cells, we observed a significant 50% reduction in ATP levels, whereas the ATP levels in the respiratory competent *pem2Δ* cells were unaltered ([Figure 3, E and F](#F3){ref-type="fig"}). These results suggest that mitochondrial PE, but not PC, is essential for maintaining normal respiration.

![Mitochondrial respiration is dependent on PE but not PC levels. Tenfold serial dilutions of WT, *psd1Δ*, and *pem2Δ* cells were spotted onto (A) SC glucose and (B) SC lactate plates, and images were captured after 2 (SC glucose) or 5 d (SC lactate) of growth at 30°C. Data are representative of at least three independent experiments. (C, D) WT, *psd1Δ*, and *pem2Δ* cells were grown in (C) SC glucose or (D) SC lactate to late log phase, and the rate of oxygen consumption was measured. Data are expressed as mean ± SD (*n* = 6); \**p* \< 0.05, \*\**p* \< 0.005. (E, F) Cellular ATP levels of WT, *psd1Δ*, and *pem2Δ* cells cultured in (E) SC glucose or (F) SC lactate. Data are expressed as mean ± SD (*n* = 3); \**p* \< 0.05.](2161fig3){#F3}

Decreased mitochondrial PE/PC ratio reduces MRC supercomplex activities without affecting supercomplex formation
----------------------------------------------------------------------------------------------------------------

To ascertain the biochemical basis for reduced respiration in PE-depleted cells, we analyzed the levels of native and denatured MRC complexes in the mitochondrial lysate from WT, *psd1Δ*, and *pem2Δ* cells grown in SC lactate medium. There was no change in the steady-state levels of individual MRC subunits (Supplemental Figure S3) or their incorporation into fully assembled MRC complexes in either of the mutant cells ([Figure 4, A and B](#F4){ref-type="fig"}). As reported previously, MRC supercomplexes containing complexes III and IV were disrupted in CL-lacking *crd1Δ* cells ([@B53]; [@B36]). These results imply that reduced PE and accompanying 33% decrease in CL levels in *psd1Δ* are insufficient to disrupt supercomplex formation. We noticed that *pem2Δ* cells, which exhibit an increased PE/PC ratio, showed an enhanced formation of a larger supercomplex (III~2~IV~2~) at the expense of the smaller supercomplex (III~2~IV; [Figure 4A](#F4){ref-type="fig"}). The lack of alterations in the amount and assembly of the MRC complexes cannot explain the respiratory deficiency of *psd1Δ* cells, suggesting that the reduced respiration could be due to a decrease in MRC activity. Therefore we measured the enzymatic activities of MRC complexes and observed four- and 2.5-fold reductions in complex III and IV activities, respectively, in *psd1Δ* cells ([Figure 4, C and D](#F4){ref-type="fig"}). The specific reduction in complex III and IV activities could, in part, explain the respiratory defects observed in *psd1Δ* cells. The activities of MRC complexes were comparable in WT and *pem2Δ* cells ([Figure 4, C and D](#F4){ref-type="fig"}), which is consistent with the normal respiratory phenotype of *pem2Δ* cells. Together these results demonstrate specific requirement of CL for MRC supercomplex formation and PE for MRC complex III and IV activities, whereas PC is redundant for these functions.

![Mitochondrial PE is required for MRC complex III and IV activities but not MRC supercomplex formation. (A) Mitochondria from SC lactate--grown cells were solubilized by 1% digitonin and subjected to BN--PAGE/Western blot, and complexes II--V were detected by Sdh2, Rip1, Cox2, and Atp2 antibodies, respectively. Mitochondria from CL-deficient *crd1Δ* cells were used as positive control to demonstrate loss of supercomplexes (III~2~IV~2~, large supercomplex; III~2~IV, small supercomplex) under identical conditions. (B) Samples from A were stained with Coomassie blue to demonstrate equal loading. (C) Digitonin-solubilized mitochondrial complexes from WT, *psd1Δ*, and *pem2Δ* cells were separated by CN-PAGE, followed by in-gel activity staining for complexes II--V. In-gel activities of MRC complexes were quantified by densitometric analysis, and relative activities were plotted for complexes II--V. Data were normalized to WT cells and expressed as mean ± SD (*n* = 3); \*\**p* \< 0.005. (D) Samples from C were stained with Coomassie blue, and total protein, quantified using densitometric analysis, was used to normalize activity staining.](2161fig4){#F4}

Depletion of PE results in a specific loss of mitochondrial DNA--encoded MRC subunits
-------------------------------------------------------------------------------------

In contrast to previous studies ([@B8]; [@B42]), which reported aberrant formation of MRC supercomplexes in PE depleted cells, we did not find any alterations in the MRC supercomplexes in *psd1Δ* cells. We reasoned that this discrepancy could be related to use of different growth conditions and carbon sources in these studies. Indeed, we found reduced levels of MRC supercomplexes (III~2~IV~2~ and III~2~IV) in glucose-grown *psd1Δ* cells ([Figure 5A](#F5){ref-type="fig"}). These carbon source--dependent differences in MRC supercomplex assembly might be due to increased petite formation in *psd1Δ* cells, as reported previously ([@B7]). The petite phenotype results from mutations in the mitochondrial genome or loss of mitochondrial DNA (mtDNA), which leads to the loss of mtDNA-encoded MRC subunits. Consistent with the previous report, we found a significant increase in the number of petite colonies in the *psd1Δ* mutant (Supplemental Figure S4). Accordingly, SDS--PAGE/Western blot analysis of MRC subunits showed a specific decrease in the steady-state levels of mtDNA-encoded subunits Cox1, Cox2, and Cox3 ([Figure 5B](#F5){ref-type="fig"}) without affecting the levels of the nuclear-encoded subunits Sdh2, Rip1, Cox4, and Atp2 ([Figure 5C](#F5){ref-type="fig"}). Unlike PE-depleted *psd1Δ* cells, loss of PC in *pem2Δ* cells did not result in any alterations in the assembly or steady-state levels of MRC complexes or petite formation ([Figure 5](#F5){ref-type="fig"} and Supplemental Figure S4). Collectively these results suggest that the decrease in the MRC supercomplex levels in glucose-grown *psd1Δ* cells results from the loss of mtDNA-encoded subunits.

![Depletion of mitochondrial PE in glucose-grown *psd1Δ* cells results in a specific loss of mtDNA-encoded MRC subunits. (A) Digitonin-solubilized mitochondria from SC glucose--grown WT, *psd1Δ*, and *pem2Δ* cells were subjected to BN--PAGE/Western blot. Complexes II--V were detected by Sdh2, Rip1, Cox2, and Atp2 antibodies, respectively. Data are representative of at least three independent experiments. (B) Mitochondria from SC glucose--grown WT, *psd1Δ*, and *pem2Δ* cells were subjected to SDS--PAGE, and mtDNA-encoded subunits were probed using Cox1, Cox2, and Cox3 antibodies. (C) Nuclear-encoded subunits were probed using Sdh2, Rip1, Cox4, and Atp2. Porin was used as a loading control. Data are representative of at least three independent experiments.](2161fig5){#F5}

PE synthesized via Kennedy pathway completely rescues respiratory defects of *psd1Δ* cells by restoring mitochondrial PE levels
-------------------------------------------------------------------------------------------------------------------------------

To determine whether PE synthesized in ER by the cytidine diphosphate--Etn branch of the Kennedy pathway could compensate for the loss of mitochondrial PE, we grew *psd1Δ* cells in the presence of Etn and measured cellular and mitochondrial phospholipids. Etn supplementation in *psd1Δ* cells completely restored cellular PE and significantly restored mitochondrial PE levels ([Figure 6, A and B](#F6){ref-type="fig"}). Of interest, supplementation of Etn not only rescued mitochondrial PE levels, but it also restored PA and CL levels in *psd1Δ* mitochondria ([Figure 6B](#F6){ref-type="fig"}), implying that a yet-unidentified homeostatic mechanism regulates the precise proportion of individual phospholipids in mitochondrial membranes. Next we asked whether the partial restoration of mitochondrial PE through exogenous Etn supplementation could restore the respiratory defects observed in *psd1Δ* cells. Indeed, Etn supplementation rescued the respiratory growth defect of *psd1Δ* cells in SC lactate medium ([Figure 6, C and D](#F6){ref-type="fig"}). Consistent with the rescue of respiratory growth, Etn supplementation restored oxygen consumption ([Figure 6E](#F6){ref-type="fig"}) and cellular ATP content ([Figure 6F](#F6){ref-type="fig"}) in *psd1Δ* cells to WT levels. To investigate the mechanism by which Etn rescued respiration, we measured MRC complex III and IV activities and found that they were restored to WT levels in Etn-supplemented *psd1Δ* cells ([Figure 6, G and H](#F6){ref-type="fig"}). Etn supplementation not only restored respiratory function in SC lactate, but it also rescued petite formation and cellular ATP levels in SC glucose medium (Supplemental Figure S5, A and B). Taken together, these results show that PE synthesized in ER by the Kennedy pathway can replenish mitochondrial PE and restore MRC complex III and IV activities in *psd1Δ* cells.

![Ethanolamine supplementation rescues respiratory defects of *psd1Δ* cells by restoring mitochondrial PE levels. (A) Cellular and (B) mitochondrial phospholipid composition of WT cells grown in SC lactate and *psd1Δ* cells grown in SC lactate with and without 2 mM Etn. Phospholipid levels are expressed as percentage of total phospholipid phosphorus in each phospholipid class. Data are expressed as mean ± SD (*n* = 3); \*\**p* \< 0.005, \**p* \< 0.05. Tenfold serial dilutions of WT and *psd1Δ* cells were spotted onto (C) SC lactate and (D) SC lactate + 2 mM Etn plates, and images were captured after 4 d of growth at 30°C. Data are representative of at least three independent trials. (E) Rate of oxygen consumption and (F) total cellular ATP levels of WT and *psd1Δ* cells grown in SC lactate ± 2 mM Etn to late logarithmic phase were quantified. Data are expressed as mean ± SD (*n* = 3); \**p* \< 0.05, \*\**p* \< 0.005 (G, H) Digitonin- solubilized mitochondrial complexes from WT and *psd1Δ* cells grown in SC lactate ± 2 mM Etn were separated by CN-PAGE, followed by in-gel activity staining for (G) complex III and (H) complex IV. Densitometric quantifications of relative in-gel activities for complexes III and IV. Data were normalized to WT cells and are expressed as mean ± SD (*n* = 3); \*\**p* \< 0.005, \**p* \< 0.05. A.U., arbitrary units.](2161fig6){#F6}

Endoplasmic reticulum--mitochondria encounter structure facilitates Etn-dependent rescue of mitochondrial PE deficiency
-----------------------------------------------------------------------------------------------------------------------

The complete rescue of mitochondrial bioenergetic phenotypes and respiratory growth of *psd1Δ* cells by Etn supplementation implies efficient transport of PE from ER to mitochondria ([Figure 7A](#F7){ref-type="fig"}). To understand the molecular basis of PE import to mitochondria, we focused on the endoplasmic reticulum--mitochondria encounter structure (ERMES) complex, a mitochondria--ER tethering structure proposed to be involved in trafficking phospholipids between ER and mitochondria ([@B29]). First, to rule out the possibility that Etn itself or one of its metabolites is responsible for the *psd1Δ* rescue, we deleted the Kennedy pathway enzyme Ect1 in *psd1Δ* cells and showed that the rescue of *psd1Δ* cells by Etn is completely abrogated ([Figure 7B](#F7){ref-type="fig"}). This result clearly demonstrates that PE synthesized via the Kennedy pathway is essential for *psd1Δ* rescue. Next we deleted two ERMES subunits, Mdm34 or Mdm12, both of which contain the synaptotagmin-like mitochondrial lipid-binding protein domain (SMP; [@B2]), in *psd1Δ* cells and found that Etn rescue is reduced in the double mutants ([Figure 7, C and D](#F7){ref-type="fig"}). To reveal the involvement of the ERMES complex in PE transport, we measured the phospholipid levels in mitochondria of *psd1Δmdm34Δ* cells with and without Etn supplementation. We did not observe any significant decrease in the steady levels of mitochondrial PE in the double mutant compared with *psd1Δ* single mutant after Etn supplementation (Supplemental Figure S6). These results suggest that ERMES is not essential for the import of nonmitochondrial PE to mitochondria but might only indirectly facilitate Etn-mediated rescue of *psd1Δ* cells.

![PE synthesized by the Kennedy pathway requires ERMES for complete rescue of mitochondrial PE deficiency. (A) Schematic representation of the Kennedy pathway of PE biosynthesis and the ERMES complex. The Kennedy pathway enzyme Ect1, mitochondrial Psd1, and Mdm34 and Mdm12 of the ERMES complex are depicted in boldface to indicate that these genes are targeted to construct double-knockout strains. Tenfold serial dilutions of (B) WT, *ect1Δ*, *psd1Δ*, and *psd1Δect1Δ*, (C) WT, *psd1Δ*, *mdm34Δ*, and *psd1Δmdm34Δ*, and (D) WT, *psd1Δ*, *mdm12Δ*, and *psd1Δmdm12Δ* cells were spotted onto SC glucose and SC lactate ± Etn plates, and images were captured after 2 (SC glucose) or 5 d (SC lactate ± Etn) of growth at 30°C. Data are representative of at least three independent experiments.](2161fig7){#F7}

DISCUSSION
==========

Perturbations in mitochondrial membrane phospholipid composition have been shown to cause MRC dysfunction ([@B31]; [@B14]). Therefore delineating the specific roles of the individual phospholipids of mitochondrial membranes is critical to understanding MRC function. In this study, we used yeast mutants of PE and PC biosynthetic pathways to show a specific requirement of mitochondrial PE for MRC complex III and IV activities, whereas loss of PC was well tolerated. Furthermore, we showed that PE synthesized in the ER via the Kennedy pathway can be efficiently transported to the mitochondrial membranes, where it can completely substitute for the lack of mitochondrial PE biosynthesis. Our results suggest a specific requirement of non--bilayer-promoting phospholipids PE and CL in MRC function and formation.

Analysis of the phospholipid profiles of *psd1Δ* and *pem2Δ* cells revealed a cellular homeostatic mechanism that maintained absolute phospholipid concentrations. For example, depletion of PE is always accompanied by an increase in the level of PC and vice versa ([Figure 2, A, B, and D](#F2){ref-type="fig"}). As a result, the mutants harboring *PSD1* or *PEM2* deletions had altered PE/PC ratios rather than a change in the absolute amount of one particular phospholipid ([Figure 2, E--G](#F2){ref-type="fig"}). Therefore it is important to interpret results in terms of alterations in relative levels of different classes of phospholipids rather than a single phospholipid. We do not know the molecular basis for homeostatic mechanisms that strictly maintain total cellular and mitochondrial phospholipid levels. We predict that such homeostatic mechanisms are likely mediated by feedback inhibition of phospholipid biosynthetic enzymes and cross-pathway regulations by phospholipid precursors, a prediction supported by previous studies ([@B12]). Apart from the overall mitochondrial membrane phospholipid content, MRC assembly and activity have been linked to cristae shape ([@B16]). Therefore we analyzed mitochondrial morphology of *psd1Δ* and *pem2Δ* mutants by transmission electron microscopy and found that the gross mitochondrial structure and overall cristae morphology were unaffected in PE- and PC-deficient mitochondria (Supplemental Figure S1), with only a small reduction in the average mitochondrial cristae length in *psd1Δ* mutants (Supplemental Figure S1E).

Earlier studies focused on defining the role of PE in mitochondrial functions were performed in different growth media, resulting in conflicting phenotypes ([@B7]; [@B13]). This is not surprising because it has been long known that phospholipid composition is influenced by the growth conditions of yeast cells ([@B41]; [@B21]). For example, the reduction in respiratory growth of *psd1Δ* cells is much more pronounced in synthetic lactate medium devoid of Etn ([@B7]) compared with complex lactate medium ([@B8]), which presumably contains enough Etn to drive PE synthesis by the Kennedy pathway ([@B41]). Therefore all of the experiments in the present study were performed in the synthetic defined medium to reproducibly control phospholipid levels. The *psd1Δ* cells cultured in synthetic medium showed a dramatic decrease in the mitochondrial PE/PC ratio ([Figure 2D](#F2){ref-type="fig"}), which reduced MRC function ([Figure 3](#F3){ref-type="fig"}). These bioenergetic deficits could be partly attributed to the reduced activities of the MRC complexes III and IV ([Figure 4C](#F4){ref-type="fig"}). Decreased ATP and respiration in *psd1Δ* cells could also be due to the reduced mitochondrial membrane potential and protein import, as previously described ([@B8]). Thus our findings on the role of PE in mitochondrial bioenergetics are partly consistent with previous studies in yeast ([@B8]) and mammalian cell lines ([@B42]), but, unlike these reports, we did not find any perturbations in MRC supercomplexes in PE-depleted mitochondria ([Figure 4A](#F4){ref-type="fig"}). This discrepancy could be due to use of different growth conditions. Indeed, we observed reduced levels of MRC supercomplexes in *psd1Δ* cells cultured in glucose-containing medium ([Figure 5A](#F5){ref-type="fig"}). Thus our results obtained from isogenic yeast mutants grown under identical conditions clearly demonstrate that of the three most abundant mitochondrial phospholipids (PC, PE, and CL) only CL is essential for MRC supercomplex formation ([Figure 4, A and B](#F4){ref-type="fig"}).

Although previous studies provided insights into the specific role of CL in MRC biogenesis ([@B50]; [@B6]), they did not address whether the mitochondrial phospholipid requirement is specific for non--bilayer-forming phospholipids or whether any perturbation in phospholipid composition will result in MRC defects in vivo. We found that, unlike non--bilayer-forming PE and CL, depletion in bilayer-forming PC did not alter mitochondrial bioenergetic parameters ([Figures 3--5](#F3 F4 F5){ref-type="fig"}). A fivefold depletion in mitochondrial PC had no effect on MRC function or formation, which is surprising, considering that PC constitutes almost half of all the mitochondrial membrane phospholipids. Three previous reports provide possible explanations for this observation. First, the loss of PC in yeast is accompanied by the remodeling of fatty acyl species of PE into more of a bilayer-forming phospholipid, thus maintaining the ratio of non--bilayer- to bilayer-forming phospholipids ([@B9]). Second, 90% of bacteria do not contain PC in the cellular membranes that harbor their oxidative phosphorylation machinery ([@B3]). Third, elevation of nonbilayer phospholipids such as PE and phosphatidylpropanolamine in PC-lacking cells was able to support growth in nonfermentable medium, suggesting that bilayer-forming PC is not essential for respiratory growth of yeast *Saccharomyces cerevisiae* ([@B15]). Collectively these studies indicate that MRC activity or assembly is more resistant to perturbation in PC levels but is very sensitive to changes in nonbilayer phospholipids. Of interest, we observed that depletion of PC with a concomitant increase in PE plus PMME resulted in enhanced formation of the large supercomplex III~2~IV~2~ and free complex IV at the expense of the small supercomplex III~2~IV ([Figure 4A](#F4){ref-type="fig"}), suggesting that formation of MRC supercomplexes can be modulated by altering the bulk properties of membranes in addition to specific molecular interactions with CL. Further, PC-depleted cells showed an increased rate of oxygen consumption ([Figure 3C](#F3){ref-type="fig"}), consistent with a recent study in mammalian cells lacking a mammalian homologue of yeast Pem2 ([@B45]). Thus our findings in yeast cells are likely applicable to mammalian cells.

Next we asked whether PE synthesized in ER could be transported to mitochondria to compensate for the lack of mitochondrial PE biosynthesis. Previous reports paint a conflicting picture. One line of evidence shows that the reduced respiratory growth of *psd1Δ* cells is rescued by Etn supplementation ([@B7]; [@B38]), whereas other studies show that PE synthesized by the Kennedy pathway does not meet the requirements for respiration in *psd1Δ* cells ([@B13]; [@B48]). Here we show that exogenous Etn supplementation not only restores cellular PE levels, but it also significantly increases mitochondrial PE levels in *psd1Δ* cells and fully rescues all mitochondrial bioenergetic defects observed in *psd1Δ* cells ([Figure 6](#F6){ref-type="fig"}). These results imply that mitochondrial PE import pathway(s) exist and that nonmitochondrial PE can functionally compensate for the lack of mitochondrial PE biosynthesis. The requirement of ERMES complex for efficient rescue suggested that the membrane contact sites between ER and mitochondria may facilitate PE import into mitochondria. However, steady-state levels of mitochondrial PE were not reduced upon Etn supplementation in *psd1Δ* cells lacking the ERMES complex (Supplemental Figure S6) implying that ERMES is not essential for PE transport but might only play an indirect role in Etn-mediated rescue ([Figure 7](#F7){ref-type="fig"}). In summary, as depicted in our model ([Figure 8](#F8){ref-type="fig"}), this work identified critical roles of nonbilayer phospholipids in MRC activity and assembly, respectively, and showed that nonmitochondrial PE can be transported to mitochondria, where it can functionally substitute for PE deficiency.

![Model depicting the specific roles of mitochondrial PE and PC in MRC complex activity and assembly. Reduced PE/PC ratio in mitochondrial PE--depleted *psd1Δ* cells leads to decreased MRC complex III and IV activities without affecting supercomplex formation. Increased PE/PC ratio in mitochondrial PC--depleted *pem2Δ* cells results in enhanced formation of the larger supercomplex (III~2~IV~2~) without altering the activities of complexes. PE synthesized in ER by exogenous supplementation of Etn is transported into mitochondria and completely restores MRC supercomplex activities in PE-deficient *psd1Δ* cells. IMM, inner mitochondrial membrane; IMS, intermembrane space; OMM, outer mitochondrial membrane.](2161fig8){#F8}

MATERIALS AND METHODS
=====================

Yeast strains, growth medium composition, and culture conditions
----------------------------------------------------------------

*S. cerevisiae* strains used in this study are listed in Supplemental Table S1. For growth in liquid media, strains were precultured in YPLac medium (1% yeast extract, 2% peptone, and 2% lactate, pH 5.5) and inoculated into SC media (0.2% dropout mix containing amino acid and other supplements, as previously described ([@B4]), 0.17% yeast nitrogen base without amino acids and ammonium sulfate, and 0.5% ammonium sulfate) containing either 2% glucose or 2% lactate (pH 5.5) and grown to late logarithmic phase. Solid media were prepared by the addition of 2% agar. Liquid SC glucose and SC lactate were inoculated with WT or the indicated strains to a starting *A*~600~ of 0.1, and growth was monitored for up to 30 h (SC glucose) or 60 h (SC lactate) at 30°C. For growth on solid media, 10-fold serial dilutions of overnight precultures were spotted on SC glucose or SC lactate plates and incubated at 30°C for 2 and 4--5 d, respectively. For Etn supplementation experiments, 2 mM Etn was added to SC growth medium. Petite formation was determined by spreading glucose-grown cells (200 cells/100 μl) onto YPD and YPlac plates. Petite formation was calculated based on the number of colonies that grew on YPD (total viable cells) compared with YPlac (respiratory-competent) media. Single- and double-knockout yeast strains (Supplemental Table S1) were constructed by one-step gene disruption using hygromycin cassette ([@B26]).

Mitochondrial isolation
-----------------------

Isolation of crude and pure mitochondria was performed as described previously ([@B32]). Mitochondria were isolated from yeast cells grown to late logarithmic phase and subsequently used for Western blot analysis, as well as for in-gel activity assays. To obtain pure mitochondrial fractions, crude mitochondria were loaded onto a sucrose step gradient (60, 32, 23, and 15%) and centrifuged at 134,000 × *g* for 1 h. The intact mitochondria recovered from the gradient interface (60 and 32%) were washed in isotonic buffer, pelleted at 10,000 × *g*, and subsequently used for mitochondrial phospholipid quantification. Protein concentrations were determined by the bicinchoninic acid (BCA) assay (Thermo Scientific, Rockford, IL).

Cellular and mitochondrial phospholipid measurements
----------------------------------------------------

For the quantification of cellular and mitochondrial phospholipids, lipids were extracted from cells (1 g of wet weight) or pure mitochondria (1.5 mg of protein) using the Folch method ([@B19]), and individual phospholipids were separated by two-dimensional TLC using the following solvent systems: chloroform/methanol/ammonium hydroxide (65:35:5) in the first dimension, followed by chloroform/acetic acid/methanol/water (75:25:5:2.2) in the second dimension ([@B41]). Phospholipids were visualized with iodine vapor and scraped into glass tubes, and P~i~ was quantified. The quantification of total cellular phospholipids was performed as previously described ([@B24]). Briefly, 100 mg of SC glucose-- or SC lactate--grown cells were digested with Zymolyase and homogenized, and the cells debris was pelleted (3000 × *g*, 5 min). Phospholipids were extracted from the cell-free homogenate using the Folch method ([@B19]), and the total phospholipid phosphate was quantified using the Bartlett method ([@B5]). The mitochondrial phospholipid phosphate was extracted from 1.5 mg of pure mitochondria and quantified using the Bartlett method ([@B5]).

Electron microscopy
-------------------

Yeast cells cultured in SC lactate medium were harvested and fixed in 3% glutaraldehyde contained in 0.1 M sodium cacodylate, pH 7.4, 5 mM CaCl~2~, 5 mM MgCl~2~, and 2.5% (wt/vol) sucrose for 1 h at room temperature with gentle agitation, spheroplasted, embedded in 2% ultralow-temperature agarose (prepared in water), cooled, and subsequently cut into small pieces (∼1 mm^3^). The cells were then postfixed in 1% OsO~4~ and 1% potassium ferrocyanide contained in 0.1 M sodium cacodylate for 1 h at room temperature. The blocks were washed thoroughly three times with double-distilled H~2~O, transferred to 1% thiocarbohydrazide at room temperature for 3 min, washed in double-distilled H~2~O twice, and transferred to 1% OsO~4~ and 1% potassium ferrocyanide in 0.1 M sodium cacodylate for an additional 3 min at room temperature. The cells were washed three times with double-distilled H~2~O and stained in Kellenberger's uranyl acetate at room temperature overnight. Cells were then dehydrated through a graded series of cold ethanol, followed by room temperature 100% ethanol exchanges, washed twice in propylene oxide, left overnight in propylene oxide/Epon with gentle agitation, and subsequently embedded in Epon resin. Sections were cut on a Leica Ultracut UCT ultramicrotome and observed on a Philips EM420 transmission electron microscope at 100 kV. Images were recorded with a Soft Imaging System Megaview III digital camera, and figures were assembled in Adobe Photoshop with only linear adjustments in contrast and brightness.

Measurement of oxygen consumption and ATP levels
------------------------------------------------

For measurements of respiration rates, cells were grown to late log phase in SC glucose or SC lactate medium and resuspended in fresh medium at 10^8^ cells/ml (SC glucose) or 2 × 10^7^ cells/ml (SC lactate), and the rate of oxygen consumption was measured at 30°C using Oxytherm (Hansatech, Norfolk, UK). Cyanide-sensitive respiration was calculated after the addition of 1 mM KCN, and the cyanide-insensitive respiration was subtracted from the total respiration. For cellular ATP quantification, cells were seeded at 250,000 cells/well in a 96-well plate, and ATP was measured using the BacTiter-Glo Microbial Cell Viability Assay (Promega, Madison, WI) kit according to the manufacturer's instructions. All data were normalized to the protein concentration, determined by the BCA assay (Thermo Scientific).

SDS--blue native PAGE and immunoblotting
----------------------------------------

SDS--PAGE was performed on mitochondrial samples solubilized in lysis buffer (150 mM NaCl, 1 mM EDTA, 50 mM Tris-HCl, pH 7.4, 1% NP-40, 0.5% sodium deoxycholate, and 0.1% SDS) supplemented with protease inhibitor cocktail (Roche Diagnostic, Indianapolis, IN). Protein extracts were separated on NuPAGE 4--12% Bis-Tris gels (Life Technologies, Carlsbad, CA) and transferred on polyvinylidene fluoride membranes using a Trans-Blot transfer cell (Bio-Rad, Hercules, CA). Membranes were blocked in 5% fatty acid--free bovine serum albumin dissolved in Tris-buffered saline with 0.1% Tween-20 and probed with antibodies as indicated. Blue native PAGE (BN--PAGE) was performed to separate native MRC protein complexes as previously described ([@B51]). Briefly, yeast mitochondria were solubilized in buffer containing 1% digitonin (Life Technologies) and incubated for 15 min at 4°C. After a clarifying spin at 20,000 × *g* (30 min, 4°C), 50x G-250 sample additive was added to the supernatant, and 20 μg of protein was loaded on a 3--12% gradient of native PAGE Bis-Tris gel (Life Technologies). Western blot was performed using a Mini-PROTEAN Tetra cell (Bio-Rad). Membrane was blocked in 5% nonfat milk in Tris-buffered saline with 0.1% Tween-20 and probed with antibodies as indicated. Primary antibodies for yeast proteins used were Cox1, 1:5000 (110 270; Abcam, Cambridge, MA); Cox2, 1:50,000 (110 271; Abcam); Cox3, 1:5000 (110 259; Abcam); Cox4, 1:5000 (110 272; Abcam); Sdh2, 1:5000 (from Dennis Winge); Rip1, 1:100,000 (from Vincenzo Zara); Atp2, 1:40,000 (from Sharon Ackerman); porin, 1:50,000 (110 326; Abcam); Dpm1, 1:250 (113 686; Abcam); Pho8, 1:250 (113 688; Abcam); and Pgk1, 1:5000 (113 687; Abcam). Secondary antibodies (1:5000) were incubated for 1 h at room temperature, and membranes were developed using Western Lightning Plus-ECL (PerkinElmer, Waltham, MA).

In-gel activity measurements
----------------------------

In-gel activities for mitochondrial respiratory chain complexes were performed as described previously ([@B52]). Clear native (CN)--PAGE was used to avoid interference of Coomassie blue with activity measurements. Briefly, mitochondria solubilized in 1% digitonin were resolved on a 4--16% gradient native PAGE Bis-Tris gel (Life Technologies) using the following additions to the cathode buffer: for complex II, 0.01% *n*-dodecyl β-[d]{.smallcaps}-maltoside (DDM) and 0.05% sodium deoxycholate (DOC) were added; for complex III, there was no addition; for complex IV, 0.05% DDM and 0.05% DOC were added; and for complex V, 0.01% DDM and 0.05% DOC were added. Gels were loaded with 30 μg of protein for complex II, 90 μg of protein for complexes III and IV, and 20 μg of protein for complex V and incubated in activity staining solutions for complex II, III, IV, or V as reported previously ([@B52]). Band intensity quantification was done using the gel analysis method in ImageJ (National Institutes of Health, Bethesda, MD). Equal loading was determined by Coomassie blue stain, and total protein and band intensity quantification was done using the gel analysis method in ImageJ.
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CL

:   cardiolipin

ER

:   endoplasmic reticulum

ERMES

:   endoplasmic reticulum--mitochondria encounter structure

Etn

:   ethanolamine

MRC

:   mitochondrial respiratory chain

PA

:   phosphatidic acid

PC

:   phosphatidylcholine

PE

:   phosphatidylethanolamine

PMME

:   phosphatidylmonomethylethanolamine

PS

:   phosphatidylserine.
